Abstract Mutations in the dystrophin gene result in the most common inherited muscle disease, Duchenne muscular dystrophy (DMD). Duplications spanning one or more exons have been found to be the second most common disease-causing mutation in the dystrophin gene. Although the duplicated exons are commonly thought to be arranged in tandem, rare noncontiguous exon duplications have been disclosed without clarifying their location or orientation. Here we present the first report that details the exact locations and orientations of noncontiguous duplications in the dystrophin gene. Multiplex ligationdependent probe amplification analysis of the dystrophin gene of a Japanese boy with DMD revealed that his genomic DNA contained duplications of exons from two separate fragments of the gene: one from exon 45 to exon 48 and the other from exon 55 to exon 63. To clarify the locations and orientations of the duplicated exons, reverse transcription-nested PCR analysis of dystrophin mRNA was conducted. Interestingly, the extra copies of exons 45-48 and exons 55-63 were found to be properly oriented between exons 48 and 49 and exons 63 and 64, respectively. These results indicated that two tandem duplication events occurred in the dystrophin gene of this patient and should contribute to the understanding of the duplication mechanisms that contribute to the development of DMD.
Introduction
Duchenne muscular dystrophy (DMD) is the most common inherited muscle disease, affecting 1 in every 3,500 male births. This disease is caused by mutations in the dystrophin gene located on Xp21. Deletions involving one or more exons are the most common type of mutation associated with DMD, accounting for nearly two-thirds of all cases. Duplications are the second most common type of mutation in this gene, occurring in approximately 5-10% of DMD patients (Hu et al. 1990; White et al. 2002 White et al. , 2006 .
Because the dystrophin gene consists of 79 exons spanning more than 2,500 kb in the human genome, it has been difficult to examine every exon for deletions or duplications. Instead, PCR amplification of deletion-prone exons has been used to genetically diagnosis patients suspected of having DMD (Chamberlain et al. 1988; Beggs et al. 1990) . Recently, multiplex ligation-dependent probe amplification (MLPA) analysis, which is used to examine every exon for deletion and/or duplications, has been developed, resulting in a marked improvement in the mutation detection rate (Janssen et al. 2005) .
Interestingly, MLPA analysis produced ambiguous results in eight cases in whom twice as much genomic DNA was detected for two separate fragments of the dystrophin gene (Janssen et al. 2005; White et al. 2006; Zeng et al. 2007) . Although these cases are thought to carry tandem duplications of two separate dystrophin gene fragments, details of the duplicated exon fragments have not been reported, thereby making it possible that the extra genomic fragments were located outside of the dystrophin gene. In this article, we describe a patient with novel noncontiguous duplications in his dystrophin gene; detailed mRNA analysis revealed tandem duplication of two separate fragments from this gene.
Case and methods

Case
More than 400 DMD patients at the Kobe University Hospital were subjected to mutation analysis of their dystrophin genes. Among these patients, 27 cases were shown to carry duplications of contiguous exons. Recently, one case was found to have noncontiguous duplications. The proband (KUCG759) was a 5-year-old boy. At 1 year old, his serum creatine kinase (CK) level was found to be markedly elevated (12, 712 IU/l) , and a muscle biopsy disclosed no dystrophin-specific staining, confirming a diagnosis of DMD. At 4 years old, the patient's Gowers' sign was positive, and he was referred to our hospital for an examination of his dystrophin gene. The Ethics Committee of the Kobe University Graduate School of Medicine approved this study, and consent was obtained from his parents.
MLPA analysis
DNA was isolated from lymphocytes obtained from the patient and normal individuals using standard phenolchloroform extraction methods. MLPA was performed with the P034 and P035 kits from MRC-Holland (Amsterdam, The Netherlands) as described (Lalic et al. 2005) . This technique allowed the full dystrophin gene to be examined for any deletions or duplications.
Polymorphism analysis
To characterize the duplicated fragments, genomic regions encompassing each set of duplicated exons were amplified using primers specific for the flanking sequences (Table 1) , resulting in the amplification of dinucleotide repeat markers from intron 45 (STR-45) and intron 62 (DI623) (Clemens et al. 1991) . Amplified products were directly sequenced using an automated DNA sequencer (model 310; Applied Biosystems, Foster City, CA).
Analysis of dystrophin mRNA
The dystrophin mRNA expressed in lymphocytes was examined by reverse transcription (RT)-nested PCR analysis as described previously (Matsuo et al. 1991) . Briefly, total RNA was isolated from peripheral lymphocytes, and cDNA was synthesized. A fragment encompassing the duplicated region of exons 45-48 was amplified using an outer set of primers with a forward primer corresponding to a segment of exon 44 and a reverse primer complementary to a segment of exon 52. The PCR product was then used as a template for a second PCR using an inner set of primers with a forward primer specific for exon 47 and a reverse primer complementary to exon 46 (Table 1) . A fragment encompassing the duplicated region of exons 55-63 was also amplified using two sets of primers: an outer set with a forward primer specific for exon 60 and a reverse primer complementary to exon 59 and an inner set with a forward primer specific for exon 61 and a reverse primer complementary to exon 59 (Table 1) . The amplified products were purified and directly sequenced.
Results
MLPA analysis of the dystrophin gene in the index patient disclosed that all of the exons were present. For a total of 13 exons, however, the signals resulting from MLPA analysis were twice those observed in samples from a normal male control subject, indicating that these exons were duplicated (Fig. 1) . Surprisingly, these 13 exons were clustered in two separated regions of the dystrophin gene: one extending from exon 45 to exon 48 and the other spanning from exon 55 to exon 63. Normal signal levels were observed for exons 49-54 located between the two duplicated regions, indicating that these exons were present as single copies. Although duplications of exons in the dystrophin gene are commonly thought to occur in tandem, the locations and orientations of the two duplicated fragments were unclear.
To determine the exact location as well as the orientations of the duplicated exons, dystrophin mRNA from lymphocytes was analyzed using RT-nested PCR amplifications. When we amplified a fragment extending from exon 47 to exon 46, a product was obtained from the index case, but not from the control subject. Direct sequencing of the product disclosed the sequences of exons 47, 48, 45, and 46, revealing that the 3 0 end of exon 48 was directly joined to the 5 0 end of exon 45 (Fig. 2) . Similarly, a fragment extending from exon 61 to exon 59 was only amplified from the index case, but not from the control subject. Sequencing of the product revealed that the 3 0 end of exon 63 was directly joined to the 5 0 end of exon 55 (Fig. 2) . Sequences of the other portions of the dystrophin mRNA from the index case, including from exon 55 to exon 63, were the same as was observed in the control sample (data not shown). According to the reading frame rule, the more 3 0 duplication of exons 55-63 disrupted the reading frame of the patient's dystrophin mRNA, resulting in a severe DMD phenotype. Our mRNA analysis disclosed that each exon duplicated in his dystrophin gene was incorporated into the fully spliced mRNA and that both of the duplicated fragments were present in tandem to their respective fragment.
To identify the source of the two duplicated fragments, all of the duplicated exons were sequenced, and polymorphic markers in introns 45 and 62 were also analyzed. No heterozygosities, however, were disclosed in the exon sequences (data not shown). Moreover, no differences were observed for markers in introns 45 and 62, at which heterozygosities have been reported. This suggests that both duplicated fragments were derived from the same chromosome.
Discussion
We have previously identified 27 subjects with duplication mutations in their dystrophin genes, all of which were contiguous. In this study, we report a novel case carrying noncontiguous duplications in the dystrophin gene; two separate fragments from exon 45 to exon 48 and from exon 55 to exon 63 were duplicated. The index case is the first reported Japanese case with noncontiguous duplications in the dystrophin gene.
MLPA analysis only demonstrates changes in the copy number of individual exons, and it is difficult to know the exact organization of the duplicated exons. Duplications can result in transpositions, which would have no effect on the reading frame if the duplicated regions are inserted outside of the dystrophin gene (White et al. 2006) . Several examples of such transposition events have been described for the gene encoding proteolipid protein 1 (PLP1), in which an additional copy of PLP1 gene was found integrated at noncontiguous sites on the X chromosome (Xp22 and Xq26) (Woodward et al. 2005) . Though eight noncontiguous duplications, three of which involved partial triplications or a quadruplication, have been previously identified in the dystrophin gene (Janssen et al. 2005; White et al. 2006; Zeng et al. 2007) , there are no descriptions of the locations and orientations of the duplications. Our results indicated that both of the duplications in the index case were inserted in tandem and maintained the same orientation as that of the dystrophin gene. This provides the first evidence for the tandem organization of duplications in the dystrophin gene.
Our case is the ninth reported patient with noncontiguous duplications in the dystrophin gene. Although the majority of the reported duplications have clustered toward the 5 0 end of the dystrophin gene (White et al. 2006) , the distribution of noncontiguous duplications is shifted slightly toward the 3 0 end of the gene: four, two, and three of the duplications were located in the 3 0 portion, in the middle, and in the 5 0 portion of the dystrophin gene, respectively (Fig. 3) . Eight of the nine duplications were located in major (exons 45-52) and minor (exons 3-19) deletion hot spots. In particular, four noncontiguous duplications had breakpoints in intron 44, whereas three had breakpoints in intron 55. The extraordinary size of intron 44 (250 kb) and intron 55 (120 kb) are likely to make these two introns prone to rearrangement and recombination events that result in duplications.
What was the source of the duplicated exons? Because the duplicated alleles showed no nucleotide differences (data not shown), they likely arose as a result of an interchromosomal event. It has been reported that unequal crossing over between sister chromatids, rather than between nonsister chromatids from two X chromosomes, is the predominant cause of duplications in the dystrophin gene (Hu et al. 1991) . Another possible mechanism that may generate a duplication is synthesis-dependent nonhomologous end joining (Helleday 2003) . This process results in a tandem duplication at the site of a double-stranded break, and unequal crossing over does not take place. This mechanism has recently been proposed for a duplication of exon 2 in the dystrophin gene and PLP1 (White et al. 2006) . Whether this mechanism is involved in the formation of noncontiguous duplications, however, is unclear. Further refinement of the duplication breakpoint will enable us to understand the mechanism underlying the rearrangement.
In conclusion, we identified novel noncontiguous duplications in the dystrophin gene of a patient with DMD. Detailed RNA analysis confirmed that the RNA in fact did contain two duplications. In addition, we were able to show that both of the noncontiguous duplications were organized in tandem, which provides insight into the mutational mechanisms that cause noncontiguous duplications.
